The relationship between rhythms of circadian periodicity (i.e., from 20 to 28 h) and ultradian periodicity (i.e., less than 20 h) was studied in the burrowing decapod Nephrops norvegicus at the level of its cardiac activity. Animals were kept over a month under constant darkness (DD) interrupted by a few days of light-darkness regime (LD) at the beginning of the experiment. Time series (beats per 10 min) were subdivided into stages of similar numbers of days. A general mean waveform was computed per stage by averaging 24 h segments of different time series per corresponding 10 min intervals. Marked fluctuations were observed at the beginning of tests in DD, being disrupted during animals' exposure to LD. Fluctuations progressively recovered over following stages of DD. The activity part of a rhythm (a) was computed in mean waveforms of different time series per each stage. Resulting values were averaged at corresponding stages. A significant increment of mean a was observed from DD to LD, decreasing over the following prolonged DD exposure. Periodogram analysis was used to assess periodicities of time series at each stage. Fourier analysis was undertaken to assess the transformation of cardiac rhythms over consecutive stages not only in terms of periodicity but also as amplitude. Both analyses showed the presence of different circadian and ultradian (i.e., 12 h and 18 h) rhythms varying in their amplitude at different stages of testing. A preponderance of time series with ultradian periodicities took place in the first stage of DD. Under LD, the number of time series showing 18 h periodicity increased, but their amplitude of fluctuation was lower compared to the previous stage. In contrast, the circadian periodicity present in the first stage of DD disappeared in LD, to be restored over prolonged DD exposure. Present results suggest that a disruption of the circadian rhythm in cardiac activity generated ultradian periods when controlling oscillators became uncoupled. Results are discussed in the context of the ecology of the species, and a model based on the phase decoupling of circadian oscillators is presented to account for the generation of ultradian 12 h and 18 h periodicities.
The burrowing decapod Nephrops norvegicus (Linnaeus, 1758) inhabits muddy continental shelves and slopes of the eastern Atlantic and Mediterranean (Farmer, 1975; Maynou and Sardà, 1997) . In the field, it shows marked temporal patterns of burrow emergence and occupancy. Emergence is performed under environmental conditions of optimum light intensity (Chapman et al., 1975) , whose timing varies at different depths depending upon light penetration into the water column, and hence upon the sun position. Because animals can be captured only when they are outside of their burrows, commercial catches of N. norvegicus are used as indicators of animals' activity in the field (e.g., Farmer, 1974; Moller and Naylor, 1980; Aguzzi et al., 2003b) : sunset and sunrise peaks in catches on the continental shelf (from 20 m to 200 m) and diurnal ones on the slope (400-430 m) account for massive emergence in the population at those hours.
Attempts to clarify the mechanism underlying modifications in emergence activity over the 24 h cycle induced a series of studies of behaviour and physiology under laboratory controlled conditions (e.g., Atkinson and Naylor, 1976; Aguzzi et al., 2003a) . Studies in constant darkness of locomotor and cardiac rhythmicity revealed a circadian pattern (i.e., period comprised between 20 h and 28 h) with peaks timed at expected night phases (e.g., Aguzzi et al., 2004a, b) . In a minority of cases, ultradian rhythms (period less than 20 h) were also found (see Aschoff, 1981 , for an exhaustive classification of rhythms based upon their periodicity). These rhythms of 12 h and 18 h occurred only in animals sampled at depths of 400-430 m, never being reported before in similar studies with specimens from shallower water (Atkinson and Naylor, 1976; Aréchiga et al., 1980) . At 400 m depth, light intensity fluctuations are greatly reduced compared to the shallow-water environments, and, consequently, an alteration of the circadian clock was hypothesized for some animals (Aguzzi et al., 2004b) .
A further study by Aguzzi et al. (2005) addressed this question, and results suggested that transient disruption of the circadian system occurred in a minority of animals because of stress during trawling. Fishing stress generates ultradian rhythmicity that transforms back into a circadian one in less than a week of acclimation to constant darkness in the laboratory (Aguzzi et al., 2005) . Because light presence was reported as necessary to favor the coupling of circadian oscillators in some decapod species (e.g., Palmer, 2000; Fanjul-Moles and Prieto-Sagredo, 2003) , doubts about the origin of ultradian rhythms and their relationship with the circadian one still persisted.
The cardiac pacemakers of decapod crustaceans comprises nine motoneurons; their synchronous firing rate sets the myocardium contraction (e.g., Guirgins and Wilkens, 1995; Hokkanen, 2000; Cooke, 2002) . Surgically explanted heart still shows circadian patterns of activity (HernandezFalcon and Ramon, 1998) . Motoneurons show a spontaneous and rhythmic firing rate when isolated (Benson, 1980; Cooke, 2002) . This organization makes the heart pacemaker a good model for studies on the extent of coupled functioning of motoneurons under different types of environmental stimuli such as the presence or absence of light (Sakurai and Wilkens, 2003) . In order to study the relationship between circadian and ultradian rhythms as markers of this coupling, cardiac activity of N. norvegicus was monitored in animals exposed to a prolonged period of constant darkness interrupted by a few days of photoperiod regime within one week from the start of recording.
MATERIALS AND METHODS
Eight intermoult adult males of carapace lengths between 41 mm and 51 mm (CL 6 0.1 mm), captured by a commercial trawler during the sunset trawl tow on the continental slope (400-430 m) off Barcelona (latitude and longitude ranges: 41819N, 18379E; 408559N, 18319E; western Mediterranean Sea) were used in this study. Animals were transported to the laboratory within 2 h after capture. There, they were transferred into individual tanks, each with a separate system of circulating and filtered seawater. This isolation prevented possible synchronization of physiology in different animals through dissolved metabolites. Water temperature during both the transport to laboratory and cardiac tests was 138C (6 0.18C), corresponding to that found on the western Mediterranean continental slope throughout the year (Salat, 1996) . Nephrops norvegicus can survive for a few months without eating (Sardà and Valladares, 1989 ). Animals were not fed prior or during experiments in order to avoid entrainment of their physiology by feeding times (Fernández de Miguel and Aréchiga, 1994) .
Cardiac activity was recorded by CAPMON monitoring equipment (Depledge and Andersen, 1990) as follows: each animal was connected to a lightweight infrared emitter/detector electrode bonded with cyanoacrylate to the anterior dorsal region of the carapace corresponding to the heart. Data were stored on a computer as number of beats per minute (bpm). Cardiac activity was continuously recorded for a month by exposing animals to prolonged conditions of constant darkness (DD) interrupted by a few days of 12 h light-darkness regime (LD) at the beginning of the test. For analytical purposes, the whole testing period was subdivided into stages of similar duration in days as follows: DD for days 0-5 (stage DD 1 ); LD for days 6-10 (stage LD); DD for days 11-16 (stage DD 2 ); DD for days 17-23 (stage DD 3 ); DD for days 24-29 (stage DD 4 ). Light during the photoperiod regime was provided by a 50 W white lamp connected with a programmable timer generating a light intensity in a range of 10-15 Lux. The duration of the photophase approximately coincided with the day length in October at the latitude of the study area (5:30-17:30) .
Time series of cardiac activity data were analysed by the integrated software package for chronobiological studies ''El Temps'' (Díez-Noguera, 1999, University of Barcelona). Following Aguzzi et al. (2004a) , bpm time series were averaged into 10 min time intervals before their analysis.
Waveform Analysis
Waveform analysis was undertaken to describe modifications in cardiac rhythms of all animals together depending upon the stage of testing. Time series were subdivided into 24 h segments because the majority of animals showed circadian rhythmicity in their behaviour and physiology when tested under laboratory controlled conditions (Aguzzi et al., 2003a (Aguzzi et al., , 2004a . Twenty-four hour data segments of different time series were averaged per corresponding 10 min at each stage to obtain a general mean waveform. The presence of significant peaks in general mean waveforms was assessed by computing a mesor (midline estimating statistic of rhythm). This average was calculated from mean waveform values, and it was represented as a horizontal line in the plot (adapted from Hammond and Naylor, 1977; Aguzzi et al., 2004a) . Values above that line indicated the presence of a peak. General mean waveforms were double-plotted to achieve a better visualization of cardiac fluctuations in data sets.
The activity part of a rhythm as a duration a (i.e., as the temporal duration of peaks) depends upon the phase agreement in the functioning of different controlling oscillators. Their phase uncoupling may determine a certain degree of the peak splitting (e.g., Pittendrigh and Daan, 1976; Illnerova, 1991; Elliott and Tamarkin, 1994) . For each time series, a waveform analysis was used to calculate a at different stages of the cardiac testing. Per each time series, mean waveforms were obtained at each stage of testing by averaging all 24 h segments in corresponding 10 min intervals. A mesor was calculated from their mean values and represented as a horizontal line on the plots. Activity onset and offset were taken as the first and the last points above the mesor and sustained for six additional bins (a time interval equal to 1 h). Also, consecutive peaks in cardiac activity were considered as part of a only if separated by less than 18 values (a time interval equal to 3 h) below the mesor. Activity parts (a) of different time series were averaged at corresponding stages of cardiac testing, and resulting values were obtained for each stage of the experiments. One-way ANOVA and LSD test for post-hoc comparisons were used to assess the significant differences among mean a at different stages.
Periodogram Analysis
Periodogram analysis was used to determine significant periodicities in different time series at each stage of cardiac testing. Periodicities were screened in a temporal window comprised between 4 h and 30 h in order to cover a wide array of ultradian as well as circadian rhythms already identified in previous studies (Aguzzi et al., 2003a (Aguzzi et al., , 2004a . A periodogram analysis program (Aagaard et al., 1995) based on the procedure of Williams and Naylor (1978) was used. Significant periodicities were defined at Pvalue of 0.05. Detected periodicities in all time series were assigned at each stage to circadian and ultradian ranges according to previously published results (Aguzzi et al., 2004a) : 24 h periodicity from 20 h to 25 h, the 18 h periodicity from 17 h to 19 h and, 12 h periodicity from 11 h to 13 h. Numbers of time series per significant periodicity range were counted at each stage of cardiac testing.
Fourier Analysis
Based on periodogram results, Fourier analysis was used to study the temporal modification of cardiac rhythms as a function of the stage of testing in terms of periodicity and amplitude of oscillation (Díez-Noguera et al., 1988) . A cosine function of period equal to 24 h was modeled. This function was chosen because the majority of animals show circadian cardiac rhythms when tested in laboratory constant darkness (Aguzzi et al., 2004a) . Other functions of 18 h and 12 h periods were also modeled according to Aguzzi et al. (2004a, b) . Time-series segments of 24 h duration were fitted by least squares for minimizing residual errors to all modeled functions (adapted from Cambras and Díez-Noguera, 1991) . The PC relates the percentage of data variance explained by a function respect to total variance of the time series. Resulting PC values for corresponding modeled functions were averaged in different time series at each stage. Mean values were plotted for all stages of the experiment and t-tests for dependent samples assessed the presence of significant differences among stages.
For all statistical comparisons, assumptions of normal distributions (Kolmogorov-Smirnoff test, P . 0.1) and homogeneity of variance (Levene test, P . 0.05) were confirmed.
RESULTS
Two animals died at the beginning of stage DD 3 . As a consequence, data treatment for the following stages was based on a reduced sample size of six animals.
Waveforms Analysis
General mean waveforms at modulo 24 h were obtained to describe the modification of cardiac rhythms in all animals together at different stages of testing (Fig. 1) . Two features of plots can be discussed. Firstly, in all plots standard deviations of mean values presented smaller amplitudes when compared to the overall fluctuation of the entire data set. Consequently, discernible oscillations could be recognized in all stages, suggesting that similar variations in cardiac activity took place in different animals at corresponding times of testing. Secondly, a clear pattern in the fluctuation of cardiac activity took place in all constant darkness stages (DD), but it was disrupted under light-darkness (LD).
In particular, in DD 1 the fluctuation pattern was made by a 24 h circadian fluctuation encompassing a high-frequency oscillation. A cluster of peaks could be recognized. Peaks were grouped together because they were delimited from each other by smaller troughs when compared to those delimiting the whole cluster itself. The cardiac fluctuation was disrupted in the following LD stage. No major circadian variation could be recognized, and a high-frequency oscillation appeared. In the following stage (DD 2 ), the original pattern was partially restored, with an increase in its maximum and minimum range of oscillation. In DD 3 and DD 4 , the circadian fluctuation presented a marked peak whose temporal duration showed a progressive increment. Additionally, a phase delay of cardiac rhythm occured after animals' exposure to the LD cycle. Mean a was calculated from all time series because it can be considered as a measure in the strength of coupling of different controlling oscillators at each stage (Fig. 2 ). Significant differences were found for a among stages (ANOVA: F 4,24 ¼ 3.34, P , 0.05), increasing from DD 1 to LD (LSD test: LD versus DD 1 , P , 0.05) when a maximum was achieved. As seen in waveform analysis (Fig. 1) , a widening in the temporal distribution of peaks took place at that stage. During DD 2 , a decreased, although no significant difference was found with LD. Compared to LD, a gradually decreased in a significant manner with the progression of constant darkness exposure (LSD test: LD versus DD 3 and DD 4 , P , 0.01). A small but insignificant increase of a took place from DD 3 to DD 4 .
Periodogram Analysis
Periodogram analysis was used to assess inherent periodicities of different time series at each stage of cardiac testing. The number of time series per periodicity range (Fig. 3) indicates what follows: the 24 h periodicity was shown by three animals at the beginning of cardiac tests (DD 1 ) and it disappeared from all time series in LD; that periodicity gradually reappeared in an increased number of animals with the progression of their exposure to constant darkness. Conversely, several time series showed the ultradian 18 h periodicity during the first stage of testing (DD 1 ). That number showed a further increase under LD. In the following stages of constant darkness (DD 2 and DD 3 ), it diminished and disappeared at the end of DD 4 . The 12 h periodicity was always present in a minority of animals at each stage of cardiac testing with the exception of DD 2 , where it was absent. It was present in time series during the last stage (DD 4 ).
Fourier Analysis
Fourier analysis was used to study the temporal modification of cardiac activity rhythms over consecutive stages of testing in terms of periodicity and amplitude (Fig. 4) . The 24 h modeled function showed high PC in DD 1 in agreement with periodogram results and waveforms analysis at that stage (Figs. 1 and 3, respectively) . In the former, a major circadian fluctuation could be recognized as fragmented into subpeaks. The PC of the 24 h function diminished during the LD exposure, to increase again during the following constant darkness stages. This result is also consistent with periodogram analysis (Fig. 3) , where for LD no circadian time series was detected, with an increase in their number over following stages of constant darkness.
The 18 h modeled function decreased its PC over consecutive stages of cardiac testing. While periodogram analysis (Fig. 3) detected an increase in the number of time series falling into this periodicity range from DD 1 to LD, Fourier analysis showed a decrease in its PC mainly related to a decrement in its amplitude of fluctuation. In other words, the 18 h periodicity was present in the majority of animals at LD (periodogram analysis), but the amplitude of its fluctuation was reduced (Fourier analysis). After LD exposure, PC of this modeled function gradually decreased in agreement with periodogram analysis (Fig. 3) .
The 12 h function showed higher PC at the beginning of tests (DD 1 , LD and DD 2 ). The PC value of this function gradually decreased over stages DD 3 and DD 4 . In periodogram analysis, an increase in the number of animals showing that periodicity was reported in DD 3 and DD 4 , while in DD 2 it was absent (Fig. 3) . Again, while periodogram analysis detected this periodicity in time series of data, Fourier analysis showed a reduction in the range of its fluctuation.
T-test for dependent samples confirmed the significance of previous observations about the difference of mean PC values per each modeled function at different stages of cardiac testing as follows: for the 24 h one: DD 1 versus LD, DD 2 , and DD 3 (P , 0.05); for the 18 h one: DD 1 versus DD 2 , DD 3 and DD 4 (P , 0.05), LD versus DD 2 (P , 0.01), DD 3 (P , 0.02) and DD 4 (P , 0.05); for the 12 h one: DD 1 versus LD (P , 0.025), DD 3 (P , 0.05) and DD 4 (P , 0.025), LD versus DD 4 (P , 0.05), DD 3 versus DD 4 (P , 0.01).
DISCUSSION
The present study provided evidence for the relationship between circadian and ultradian rhythms in Nephrops norvegicus cardiac activity. Significant circadian and ultradian (i.e., 18 h and 12 h) periodicities were identified in time series in agreement with previous studies on cardiac activity and locomotor behaviour under constant darkness (Aguzzi et al., 2004a; Aguzzi et al., 2005) . The proportion of time series showing any of these periodicities varied according to the stage of the experiment, pointing out a differential effect of light-darkness or constant darkness condition on animals' cardiac rhythms. Ultradian rhythms already present at the beginning of cardiac testing increased their presence under light-darkness conditions, to gradually disappear only after prolonged exposure to constant darkness. The combined periodogram and Fourier analyses pointed out that their disappearance coincided with the progressive reinforcement of the circadian periodicity.
Nephrops norvegicus is a fully subtidal species (Farmer, 1975) , so circadian organization of its behaviour and physiology can be justified in terms of biological clock setting upon day-night cycles. In contrast, ultradian rhythms have no immediate ecological meaning. The 12 h periodicity here recorded cannot be considered as the effect of tidal influences on the physiology of the species because animals reside at the depth of the slope. It is most likely due to peak splitting as already observed in crabs showing combined circatidal and circadian rhythms in the laboratory (e.g., Williams et al., 1985) . At the same time the presence of an 18 h periodicity appears meaningless from the ecological perspective. Its presence at the beginning of tests and its reinforcement under light-darkness conditions, with its consequent disappearance under constant darkness, suggests that its origin may be related with the disruption of circadian rhythmicity when controlling oscillators uncouple their mode of functioning. That disruption takes place after animals' exposure to lightdarkness regime. That photoperiod exposure does not abolish, but conversely increases the occurrence of ultradian rhythms. In addition, a phase delay occurs when mean waveforms of DD 1 and DD 2 , DD 3 , DD 4 are considered (Fig. 1) . This suggests a phase-resetting effect on the functioning of the cardiac pacemaker due to the timing at which the light stimulus is applied (e.g., Naylor and Williams, 1984) . Pittendrigh and Daan (1976) proposed that mammals' pacemaker is composed of two or more oscillators whose phase relationship determines the activity part (i.e., a) of a rhythm. Accordingly, variations in a were used as a marker of the change in this state of coupling at different stages of cardiac testing. In LD, a increased due to a temporal dispersion of bouts of cardiac rhythm in each time series. This dispersion of bouts takes place in all animals in a similar fashion as seen in waveform analysis (Fig. 1) . The process of uncoupling of controlling oscillators may produce peaks splitting, read as ultradian rhythmicity in periodogram analysis. Although the effects of that uncoupling on physiology is not fully established, theoretical paradigms (Winfree, 1967; Díez-Noguera, 1994; Oda et al., 2000) and experimental models (Yamaguchi et al., 2003; Quintero et al., 2003: in vitro evidence; de la Iglesia et al., 2000; Edelstein et al., 2003: in vivo evidence) have been proposed to explain uncoupling as a basis of the relationship between circadian and ultradian rhythms.
In crayfish held in constant darkness, a light stimulus applied at determined circadian times may produce disturbances in the rhythm of controlling circadian oscillators (e.g., Fuentes-Pardo and Inclan-Rubio, 1987; Sandeman et al., 1990; Miranda-Anaya et al., 2003) . In decapods, photic entrainment involves extraretinal photoreceptors as input pathway (e.g., Sandeman et al., 1990; Fanjul-Moles et al., 2004) . Present results suggest that photic stimulus provokes oscillators uncoupling. This could be attributed to the brightness of light generated by the 50 W lamp used in our experiment. Although its intensity was not measured, a disruption of circadian rhythmicity under photic stimulus of that kind is in agreement with the ecological profile of the species. Animals were sampled on the slope (400-430 m) where low light intensity still triggers emergence of animals on a 24 h basis, being otherwise confined for the remaining part of the day in their burrows under complete darkness (Aguzzi et al., 2003b) . In fact, below a minimum in environmental illumination animals do not emerge because they rely upon vision to seek food (Oakley, 1979; Aguzzi et al., 2004c) . Above a maximum in environmental illumination, emergence is also inhibited, given animals' vulnerability to visual predators (Chapman et al., 1975) . According to that, N. norvegicus circadian organization in behaviour and physiology may be negatively affected by light stimuli whose intensities are greater than the maximum set by the interval range at which emergence takes place. For lower photic intensities as well as in constant darkness (a condition similar to the one experienced by animals into the burrow), the circadian rhythms occur or they are recovered when disrupted by fishing stress (Aguzzi et al., 2005) .
In Drosophila melanogaster (Fallen, 1823), arrhythmia in populations as result of incoherence of phase among rhythmic individuals was compared to arrhythmia in a group of autonomous oscillator cells as resulting from their desynchronization (Saunders, 2002) . In this context, present results on the relationship between circadian and ultradian rhythms were explained by the following model (Fig. 5) . Cardiac activity rhythm is controlled by four groups of motoneurons located in the cardiac pacemaker, whose coupled functioning produces the current circadian rhythmicity. According to this model, a perturbation (i.e., fishing stress or bright light) does not alter the periodicity of these circadian oscillators but it dissociates their phase of Fig. 5 . The model accounting for the presence of circadian and ultradian 18 h and 12 h rhythms in cardiac activity of N. norvegicus. The existence of four groups of pacemaker motoneurons is postulated. A 12 h phase dissociation in their functioning generates an overall 12 h periodicity, while additional 6 h dissociation in the phase of both groups produces overt 18 h rhythmicity only if variable damping occurs. Time series profiles and schemes depicting the state of oscillators coupling are plotted over two days and a half and one day and a half, respectively, to better visualize time series fluctuation and its underlying mechanism of generation. s, a group of oscillator showing the damping; , a group of oscillators showing no damping; f, the increase in the intensity of stress favoring the progressive uncoupling among different groups of oscillators.
functioning. An overall periodicity of 12 h will be detected by periodogram analysis when circadian oscillators split in two groups, showing a constant phase relationship of 12 h over consecutive days. In both groups, further 6 h phase uncoupling determines an overall 18 h periodicity not only if a constant phase relationship is preserved over time, but also if damping decreases the amplitude of fluctuation of different oscillators over consecutive days. According to that, damping takes place only when all oscillators are uncoupled. Periodogram analysis does not detect a significant 6 h periodicity (i.e., 4 groups of motoneurons uncoupled of 6 h each determine 4 peaks in cardiac activity over 24 h), since two marked oscillations are interrupted by two damped ones.
In conclusion, present data show that the circadian organization of N. norvegicus is favored in constant darkness, whereas, in contrast, bright light photoperiod exposure disrupts it. In a previous study, Aguzzi et al. (2004b) recorded ultradian rhythms in animals of the slope (400-410 m). These were never reported before in similar studies with animals of shallow-water areas (20-200 m) (e.g., Atkinson and Naylor, 1976) . Aguzzi et al. (2004b) hypothesized that ultradian rhythms naturally occurred in a minority of slope animals because light intensity fluctuations at this depth are too dim to produce an effective coupling in their circadian oscillators. Present results show that constant darkness favors the strengthening of animals' circadian organization that can be characterized in terms of coupling in the phase of functioning of controlling oscillators.
